We calculate the cross section and transverse-momentum (P ⊥ ) distribution of the Breit-Wheeler process in relativistic heavy-ion collisions and their dependence on collision impact parameter (b). To accomplish this, the Equivalent Photon Approximation (EPA) was generalized in a more differential way compared to the approach traditionally used for inclusive collisions. The cross section as a function of b is consistent with previous calculations using the equivalent one-photon distribution function. Most importantly, the P ⊥ shape from this model is strongly dependent on impact parameter and can quantitatively explain the P ⊥ broadening observed recently by RHIC and LHC experiments. This broadening effect from the initial QED field strength should be considered in studying possible trapped magnetic field and multiple scattering in a Quark-Gluon Plasma (QGP). The impact-parameter sensitive observable also provides a controllable tool for studying extreme electromagnetic fields.
We calculate the cross section and transverse-momentum (P ⊥ ) distribution of the Breit-Wheeler process in relativistic heavy-ion collisions and their dependence on collision impact parameter (b). To accomplish this, the Equivalent Photon Approximation (EPA) was generalized in a more differential way compared to the approach traditionally used for inclusive collisions. The cross section as a function of b is consistent with previous calculations using the equivalent one-photon distribution function. Most importantly, the P ⊥ shape from this model is strongly dependent on impact parameter and can quantitatively explain the P ⊥ broadening observed recently by RHIC and LHC experiments. This broadening effect from the initial QED field strength should be considered in studying possible trapped magnetic field and multiple scattering in a Quark-Gluon Plasma (QGP). The impact-parameter sensitive observable also provides a controllable tool for studying extreme electromagnetic fields.
In 1934, Breit and Wheeler studied the process of collision of two light quanta [1] to create electron and positron pairs. The Weizsaeker-William (W W ) photon flux generated by highly charged heavy ions in a moving frame of reference was proposed as the only viable approach to achieve photon-photon collisions. In recent years, high-energy particle accelerators [2] with high luminosity and high-power lasers [3, 4] with fast pulses are able to generate extreme electromagnetic fields and realize photon-photon collisions. In the collider mode of relativistic heavy-ion collisions, the intense electromagnetic fields are equivalent to a large flux of high-energy W W photons [5, 6] in the laboratory frame, and the production of dileptons can be represented as the product of two-photon collisions γ +γ → l + +l − . The magnetic field generated by these passing nuclei can reach 10
15 Tesla [7] and has become an important experimental and theoretical tools in studying new QCD phenomena [8] .
From external classical field [9] and EPA approximations, photons are generated by the QED field with momentum predominantly along the beam direction and with transverse momentum at the scale of ω/γ where ω is the photon energy and γ is the Lorentz factor of the projectile and target nuclei. Higher-order contributions are suppressed by orders of 1/γ 2 and are negligible for the case when the P ⊥ of the photon is of ω/γ or less. Therefore, the associated photons have a small P ⊥ and the leptons subsequently produced by these QED fields in the EPA have the distinctive signature of being nearly backto-back in azimuth with small total transverse momenta (P ⊥ ω/γ). The photon-induced scattering processes have been extensively studied in ultra-peripheral collisions (UPCs) [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , for which the impact parameter (b) is larger than twice the radius (R A ) of the nucleus to ensure that no hadronic interaction occurs between the col- * xzb@bnl.gov liding nuclei. Conventionally, the photon-induced interactions are expected only to be applicable in UPCs. However, in the last few years, such photo-processes have also been observed in hadronic heavy-ion collisions (HHICs) for photonuclear production [21, 22] and photon-photon collisions [23] [24] [25] , and theoretical progress [26] [27] [28] [29] has been made to describe such processes.
Furthermore, the STAR collaboration at RHIC [24] and the ATLAS collaboration at the LHC [25] have found a significant P ⊥ broadening effect for the lepton pairs from the photon-photon collisions in HHICs in comparison to those in UPCs and to model calculations. The STAR Collaboration characterized the broadening by measuring the P 2 ⊥ and the invariant mass spectra of lepton pairs in Au+Au and U+U collisions with respect to calculations from the EPA, while the ATLAS Collaboration quantified the effect via the acoplanarity of lepton pairs in different centrality HHIC in contrast to the same measurements in UPCs. Theoretical models are used to describe the broadening qualitatively by introducing the effect of magnetic field trapped in an electrically conducting QGP or alternatively by the electromagnetic (EM) scattering of leptons in the hot and dense medium. These descriptions of the broadening effect assume that there is no impact-parameter dependence of the P ⊥ distribution for the lepton pair from the initial photon-photon collisions. In this letter, we examine the Breit-Wheeler process as a function of impact parameter in heavy-ion collisions based on the external classical field approach [9] and go through the generalized EPA assumption toward a formula, which shows strong impact-parameter dependence of the cross section and P ⊥ spectra. We have proposed azimuthal measurements as a method for verifying this contribution. Furthermore, this contribution provides a baseline for the extraction of possible medium effect.
Following the procedure of external classical field approach in [9] , we start from the electromagnetic potenarXiv:1812.02820v2 [nucl-th] 20 Dec 2018 tials of the two colliding nuclei in the Lorentz gauge:
Here b is the impact parameter, which characterizes the separation between the two nuclei. The δ function ensures that the nuclei travel in straight line motion with a constant velocity. In this approach, the deflections from the straight line motion due to collisions are neglected. The velocities are taken in the center-of-mass frame with u 1,2 = γ(1, 0, 0, ±v), where γ is the Lorentz contraction factor. The form factor F (k 2 ) is the nuclear electromagnetic form factor obtained from the Fourier transformation of the charge density of the nucleus. The amplitude for the lepton pair production from the electromagnetic fields in lowest order can be given by the S-matrix element, which leads to Eq. 30 in Ref. [9] :
where the four momenta of photons are
The elementary scalar (σ s ) and pseudoscalar (σ ps ) cross-sections can be given by the following formula
where m is the lepton mass and s = 4w 1 w 2 . To arrive at Eq. 2 from Eq. 1, it has been shown in Ref. [9] that the photon flux is decisively longitudinal with k ⊥ ω/γ and higher-order terms are of the order of 1/γ 2 down from the first term presented in Eq. 2. This is also the only approximation from the external classic field resulting in the equivalent photon flux.
Through Eq. 2 and 4, we are able to study the impact parameter dependence of the differential cross-section on the P ⊥ spectra of lepton pairs. To simplify the numerical calculation, we assume that the charges in the target and projectile nuclei are distributed according to the WoodsSaxon distribution without any fluctuation or point-like structure. The charge density for a symmetrical nucleus A is given by the Woods-Saxon distribution:
where the radius R WS (Au: 6.38 fm, Pb: 6.62fm) and skin depth d (Au: 0.535 fm, Pb: 0.546 fm) are based on fits to electron scattering data [30] , and ρ 0 is the normalization factor. The collision geometry (centrality) is determined by the Glauber model, in which the p+p inelastic cross sections employed for RHIC and LHC are 42 mb and 70 mb at their corresponding collision energies, respectively. Fig. 1 shows the numerical calculations of the P 2 ⊥ distributions of electron-positron pair production for different mass regions in 60-80% Au+Au collisions at √ s NN = 200 GeV. The results are filtered with the STAR acceptance (p T,e > 0.2 GeV/c, |η| < 1, and |y ee | < 1) to allow direct comparison with the experimental measurements. The STAR measurements [24] and calculations from previous EPA approach are also plotted for comparison. Both the shape and the magnitude of the experimental measurements can be described reasonably well by our calculations.
Usually, an integration over b of Eq. 2 is performed resulting in the famous equivalent photon cross-section for two-photon collisions as shown in Eq. 32 of Ref. [9] , as in STARLight and other numerical calculations [15, 31] . The integration of Eq. 2 over the impact parameter b leads to a δ function in the transverse momentum q ⊥ and the subsequent result reads:
where σ(w 1 , w 2 ) is the cross-section averaged over the scalar and pseudoscalar polarization. This is exactly the EPA expression commonly used in the literature and used in comparison to recent experiments [6] . The spectral shape [15, 31] , which is insensitive to the collision centrality, is the result of averaging over the whole impact parameter space as shown from Eq. 31 to Eq. 32 [9] and subsequently inserting an impact-parameter dependence of photon flux σ(w 1 , w 2 , b) as shown in Eq. 36-43 in Ref. [9] .
As demonstrated in Eq. 2, the term e i b· q ⊥ gives rise to impact parameter dependence in the integration over the The STAR measurements [24] and calculations from STARLight [15] are also plotted for comparison. transverse momentum q ⊥ . The numerical calculations of the broadening variable, P 2 ⊥ , of electron-positron pairs within the STAR acceptance as a function of impact parameter b for different mass regions in Au+Au collisions at √ s NN = 200 GeV are depicted in Fig. 2 . As expected, the broadening increases with deceasing impact parameter and reaches a plateau at impact parameter less than the nuclear radius. In addition, the broadening depends on the invariant mass of the lepton pair. The larger the invariant mass, the more significant the broadening. A possible explanation is that the pairs with larger invariant mass are generated predominantly in the vicinity of the stronger electromagnetic field, which, in turn, create higher transverse momentum. In this figure, the STAR measurements [24] are also plotted for comparison and show good agreement within uncertainties. We noted that Ref. [32] has used similar approach with a minimum cutoff on impact parameter to reproduce an The results are filtered with the fiducial cuts described in the text and normalized to unity to facilitate a direct comparison with experimental data. The measurements from ATLAS [25] are also plotted for comparison.
earlier STAR result in ultra-peripheral collisions under the condition of mutual Coulomb excitation [10] . The STAR Collaboration performed this measurement with electron-positron pairs in the mass range of [0.4,2.6] GeV/c 2 . The ω/γ is in the range of [4, 26] MeV and is at the same order of the measured P ⊥ range as a required condition of EPA [10] . The measurement of a smooth structure in the invariant mass distribution with the absence of vector mesons (ρ, ω and φ) is convincing evidence of pure Breit-Wheeler process [23] . The excellent electron identification at low momentum along with large coverage and low material budget along the trajectories of produced particles at mid-rapidity makes this difficult measurement possible at STAR. The ATLAS Collaboration takes advantage of their better angular measurement of high-momentum muons, and characterizes the broad- ening of muon pairs with acoplanery correlations in the mass range of 4 < M µµ < 45 GeV/c 2 from peripheral to central collisions [25] . The observed broadening by the pair acoplanarity, α, is defined as
where φ ± represent the azimuthal angles of the two muons. The acoplanarity was use to avoid the detectorinduced distortions from poor momentum resolution. It should be noted that πα P ⊥ /M ll in a detector setup where the sagitta of a particle trajectory is much larger than the effect of multiple scattering in the detector material and from resolution of the experimental measurements, as is the case for the STAR Detector within the measured kinematic range. The measured α distributions show broadening in hadronic Pb+Pb collisions with respect to UPCs. Fig. 3 shows the α distributions from our calculations in Pb+Pb collisions at √ s NN = 5.02 TeV for different centrality classes. The results are filtered with the fiducial cuts: p T µ > 4 GeV/c, and |η µ | < 2.4, and normalized to unity to facilitate a direct comparison with experimental data from ATLAS. The measurements from ATLAS [25] can be well described by the calculations within uncertainties. We further study the azimuthal angular dependence of lepton pairs with respect to the impact parameter in this framework. As an illustration, we show the azimuthal angular distributions of electron-positron pairs (M ee = 0.6 GeV/c 2 at y = 0) with respect to the reaction plane for different centralites in Au+Au collisions at √ s NN = 200
GeV in Fig. 4 . As revealed in the figure, the pair production is maximum in the direction perpendicular to the reaction plane, and minimum in the direction parallel to the direction of impact parameter. This results in a negative azimuthal anisotropy, opposite to the positive elliptic flow of hadrons [33] . The azimuthal angular dependence becomes weaker towards central collisions due to the increased symmetry of the electromagnetic field density in central collisions compared to peripheral collisions. It should be emphasized that this effect is purely due to the electromagnetic field configuration at the initial stage and any final-stage effect is likely to alter this baseline distribution.
There have been proposals in the literature regarding possible final-state effects to explain the P ⊥ broadening. Two such proposals are that the broadening is due to deflection by the residual magnetic field trapped in an electrically conducting QGP [24, 34] or due to multiple Coulomb scattering in the hot and dense medium [25, 31] . All the proposed mechanisms including this study require extraordinarily high electromagnetic fields, an interdisciplinary subject of intense interest across many scientific communities. There are a few assumptions and caveats in our calculation which deserve further studies:
• continuous charge distribution without point-like structure: It has been shown [35, 36] that the substructures of protons and quarks in nuclei and their fluctuations can significantly alter the electromagnetic field inside the nucleus at any given instant. This should result in an observable effect deserving further theoretical and experimental investigation. The effect is most prominent in central collisions where AT-LAS shows results with large uncertainty and absent from STAR data due to lack of statistics.
• projectile and target nuclei maintain the same velocity vector before and after collision:
The very first assumption in Eq. 1 is that both colliding nuclei maintain their velocities (a δ(k ν i u iν ) function) to simplify the calculation. In central collisions, where the photon flux are generated predominantly by the participant nucleons, charge stopping may be an important correction to the initial electromagnetic fields.
• omission of higher order contribution and multiple pair production:
We have ignored higher-order corrections in both the initial electromagnetic field [10] and Sudakov effect [31] , which should be quite small in the low P ⊥ and small α range. It has been pointed out that there may be significant multiple pair production in the same event [32] , which may complicate the calculation and measurement.
• final-state effects of magnetic field deflection and multiple Coulomb scattering: The STAR and ATLAS collaborations have demonstrated that it is possible to identify and measure the Breit-Wheeler process accompanying the creation of QGP. This opens new opportunity using this process as a probe of emerging QCD phenomena [8] .
In summary, we study the impact-parameter dependence of the Breit-Wheeler process in heavy-ion collisions within the framework of the external QED field and the approximations used to arrive at the Equivalent Photon Approximation. The calculated results can describe both the p T broadening observed at RHIC as well as the acoplanarity broadening observed at the LHC. It provides a practical procedure for studying the Breit-Wheeler process with ultra-high electromagnetic fields in a controllable fashion. This outcome indicates that the broadening originates predominantly from the initial electromagnetic field strength that varies significantly with impact parameter. We further demonstrate that the p T spectra from model calculation used by the experiments as a baseline is the result from averaging over the whole impact parameter space and therefore is by definition independent of impact parameter. The azimuthal angular distributions of lepton pairs with respect to the reaction plane are also calculated and presented for verification and as theory baseline in future experimental measurements.
